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Accomplishments

Title: Enhanced Photophysical Processcs in Controlled Electromagnetic Nanoenvironments
Contract/Grant #: FA9550-06-1-0021

Summary
The objectives of this grant “Enhanced Photophysical Processes in  Controlled

Nanoenvironments” were to investigate the role of clectromagnetic nanoenvironments on
fundamental photophysical processes in molecular species. By systematically designing tunable
plasmonic nanostructures such as nanoshell dimers, small elusters, extended monolayer arrays of
nanoparticles, and othcr hybridized structures, controlled clectromagnetic environments can be
crcated. The enhanced fields generated in these environments is then used to study photophysical
processcs such as surface enhanced Raman scattering (SERS), Fluoreseence enhancement and
surfacc cnhanced infrarcd absorption (SEIRA) of molecules placed in these cnhanced ficlds. All
the objectives stated were successfully achieved. Below is a brief description of the particular

achicvements. A complete list of publications is attached at the end.
Complex plasmonic nanostructures developed:

Nanoshells: The silica core-gold shell nanoshell is the workhorse substrate developed in the
Halas group. This is a multistep process that requires the reactants to be aged and have limited
uscful shelf life. A new technique for reducing the gold shell was developed that is suitable for
non optimal reactants and is general for coating various diclectric cores and shapes. (Brinson

ct al. 2008)

Mesoscopic solid nanoparticles and nanoshells: To investigate the tunablity range of
nanoparticles and nanoshells and the ficld enhancement in the near to mid IR range, colloidal
solid gold nanoparticles in the 430 nm size regime and nanoshells of all sizes and aspect ratios
were fabricated. Their ficld enhancements for surface enhaneed speetroscopy were compared to

theoretical predictions from Mie theory. The mesoscopic nanoparticles tune into the near IR and



can be uscd for SERS, whereas the large nanoshells although have resonances in the mid IR, do

not have the field enhancemcnt for SEIRA. (Wang ct al. 2008; Tam et al. 2007)

Dimers: The field enhancement in thc junction between two nanoparticles or nanostruetures is
greatly enhanced as compared to the surface of an isolated nanoparticle. Plasmonic dimer
nanostructures were fabrieated by a number of different methods and their ensemble and single
particle propertics wcre investigated. Struetures investigated inelude nanoshell heterodimers,
nanoshell homodimers, solid nanosphere and nanoshell homo and heterodimers, and a solid
nanoparticle embedded in the core of a nanoshell. The last two structures were studied using
single particle dark ficld microspectroscopy and show interesting coherent phenomenon a Fano
resonance that has only recently been observed in plasmonic nanostruetures. The Fano resonance
is extremely sensitive to the embedding environment and maybe used for sensitive surface
plasmon sensing applications. (Wang et al. 2006; Lassiter ct al 2008; Brown et al. 2009; Bardhan

et al. 2009)

Arrays : Extending the dimer geometry with a single junetion with an enhanced near field, we
have generated arrays of nanoparticles and nanoshells with sub 10nm gaps. The extended arrays
of nanoshells have plasmon resonanees in the near to mid IR and have bcen demonstrated as
effective substrates for both SERS and SEIRA. Using para mereaptoaniline (pMA) as a test
analyte molecule, conservative SERS enhancement factors of 10° and SEIRA enhancement

factors of 10* have been demonstrated. The nanoshell array substrates reported herein provide a

new, multifunctional platform for chemical sensing applications by enhancing both RS and IRA
speetroseopy. Integrating SERS and SEIRA on a single substrate will enable the identification of

unknown molecules by combining both surface-enhanced vibrational spectroscopies, allowing



morc detailed investigations of molecular structure, orientation, and conformation, as well as

adsorbate—substrate and adsorbate — adsorbate interactions. (Wang et al. 2007)

Gaps: Electromigrated gaps in gold wires were investigated as single molecule SERS substrates.
This is the first demonstration of simultancous observation of clectrical conductance co related

with optical SERS measurements. (Ward et al. 2007; Ward et. al. 2008)

Nanoholes:. Plasmonic properties of nanoholes in a gold film were investigated using Plasmon
Hybridization and correlated with experimentally fabricated structures. In addition techniques to
create an array of holes and fill the holes with a controlled number of nanoparticles to create
nanoparticle dimers trimers and larger aggregates were developed. (Park et al. 2008; Mirin ct al.

2008)

Nanoparticle-nanowire and Nanoparticle-film hybrid structures: Placing a nanoparticle near a
thin gold film changes the plasmonic interactions between the particle and the film. The strength
of the interaction depends strongly upon the thickness of the film. These intcractions were
investigated with films of varying thickness with nanoparticles of two different sizes and the
results correlated with theoretical calculations based on Plasmon Hybridization. This system was
found to be analogous to the Anderson impurity problem. (Le et al. 2007) Another system
investigated is a Ag nanoparticle near a Ag nanowire. The nanoparticle may be used to couple
light in and out of the nanowire. The polarization dependence of the input light to the light output
was investigated both experimentally and using finite element methods (COMSOL Multiphysies

package). (Knight et al. 2007)



Enhanced spectroscopy:

Near-field of nanoshells: The strength and extent of the near field surrounding plasmonic
nanoparticles determines the useful sensing volume of the nanostructure. A technique to
determine the extent of the field is demonstrated using nanoshells and verified by correlating
with Mie Theory simulations. This also leads to the development of a parameter Lggrs that can

be used to determine the useful sensing volume. (Lal et al. 2006)

Metal enhanced Fluorescence: The fluorescence of dye molecules is enhanced when placed near
a metal surface. The mechanism of enhancement and the contribution of the enhanced near field
of the metal nanostructure in fluorescence cnhancement is investigated by placing a weak dye
Indocyanin Green (ICG) in the near ficld of a nanoshell. By varying the position of the nanoshell
plasmon resonance and thus the ncar field experienced by the dye molecule the effeet on the
absorption and emission on the fluorescence enhancement has been investigated. We find that
enhancement of the molecular fluorescence by more than a factor of 50 can be achicved for ICG
next to a nanoparticle with a large scattering cross section and a plasmon resonance frequency
corresponding to the emission frequency of the molecule. The distance dependence of the
fluorescenee enhancement as the dye molecule is placed at varying distances from the nanoshell
surface has also been investigated by building thin silica cpilayers on the nanoshell surface of
varying thickness and placing the dye molecules on the silica epilayer. A maximum enhancement
of ~ 50x is observed for silica layers of 7 nm thickness for weak dye molecules. (Tam ct al.2007,

Bardhan et al. 2008)

In another scries of experiments to examine the fluorescence enhancement of 1R800 conjugated
to nanoshells and nanorods, both NSs and NRs lead to large inereases in quantum yield relative

to the isolated fluorophore. We have obscrved that NSs are more cfficient in improving the



emissive properties of a fluorophore due to their significant seattering cross scetion at the
emission wavelength of the fluorophore. Additionally, the near-ficld response of NSs gives rise
to a considerable enhancement in the absorption and the radiative decay rate of IR800, resulting
in 40-fold cnhancement and 86% quantum yield. IR800 molecules bound to NRs demonstrate a
9-fold emission enhancement and a 74% quantum yield, attributable to the high local field
cnhancement at the longitudinal plasmon wavelength. Therefore utilizing Au nanoparticles with
appropriate geometry and dimensions for emission enhancement is a useful strategy for
cnhancing the detection sensitivity of low-quantum-yield fluorescent emitters. This approach is
also potentially valuable in biomedical imaging and, moreover, can be conveniently genceralized
to enhancc other fluoreseent media. ( Bardhan et al. 2009)

Raman Optical Activity: Measurements of near-infrared scattered circular polarization Raman
optical activity (SCP-ROA) were made using laser excitation at 780 nm for samples of S-(-)-a-
pincne and L-alanyl-L-alanine. These are the first measurements of ROA outside the blue-to-
green visible region between 488 and 532 nm. Comparison of Raman and ROA intensities
measurcd with cxcitation at 532 and 780 nm demonstrate that the expected frequency to the
fourth-power dependence for Raman scattering and the corresponding fifth-power dependence
for ROA arc observed. These measurements were performed on the first NIR excitation ROA

instrument developed in the Halas laboratory. (Nafie ct al. 2007)

Surface enhanced Raman scattering (SERS): SERS is one of the best understood surface
enhanced spectroscopy. It has becn utilized effectively for small molecules. In the current set of
investigations, the SERS of large biologically relevant molecules have been studied with
nanoshells as substrates on which the molceules have been immobilized. SERS of DNA,

peptides, aptamers, and other molecules that cannot be covalently linked to the gold surface such



as ibuprofen on nanoshells have been investigated. For large molecules that may adopt many
conformations on the surface of a nanoshell the reproducibility of the SERS spectra is a big
issﬁe. A number of techniques to form better SAMS of the large molecule (DNA) were
developed. In addition a cross correlation function was developed to quantify the reproducibility
of the SERS spectra. This was then used to optically investigate the binding of aptamers with
target molecules. ( Wei et al. 2008, Barhoumi et al. 2008, Barhoumi ct al. 2008, Neumann ct al.

2009)

For molecules that do not bind to the nanoshell surface, a SAMS of a hybrid lipid bilayers was
developed as a capture layer and the SERS speetra of the small molecules investigated. This
technique is a genecral method that maybe used to immobilize small moleecules within the near

ficld of the nanoshell, and can be studied using SERS. ( Levin et al. 2009)

Surface enhanced infra red absorption (SEIRA): Large nanoshells with resonances in the near to
mid infrared were developed to investigate SEIRA using nanoshells as substrates. These proved
to have very small SEIRA enhancements. As an alternative, aggregates of nanoshells with
resonances in the near to mid IR were investigated as SEIRA substrates. These NS aggregates
show SEIRA enhancements of ~10*. SEIRA was then used to study intercalated ibuprofen in
lipid bilayers, conformation of adeninc and AMP moleceules on nanoshells. (Kundu 2008, Levin

2009, Kundu 2009).
Applications:

Nanoshells can absorb light and cffeetively convert it to heat. This effect has been exploited in
the photothermal therapy of cancer cells. Nanoshells have also been demonstrated as effective
substrates for enhancing the fluoreseence of weak dye molecules. Integrating multiple

functionalities into individual nanoscale complexes is of tremendous importance in biomedicine,



expanding the capabilities of nanoscale structures to perform multiple parallel tasks. Here, the
ability to enhance two different imaging tcchnologics simultancously—fluorescence optical
imaging and magnetic resonance imaging—with antibody targeting and photothcrmal therapeutic
actuation is combincd all within the same nanoshell-based complex. The nanocomplexes are
constructed by coating a gold nanoshell with a silica cpilayer doped with Fe304 and the
fluorophore ICG, which results in a high T2 rclaxivity (390mM™ sy and 45 X fluorcscence
enhancement of ICG. Bioconjugatc nanocomplexes target HER2+ cells and induce photothermal

cell death upon near-IR illumination. (Bardhan 2009)

Another application of SERS has been in the study of the catalytic hydrodechlorination of 1,1-
dichlorocthene in H20. With Pd islands grown on Au nanoshell films, this reaction can be
followed in situ using SERS, cxploiting the high enhancements and large active area of Au
nanoshell SERS substrates, the transparency of Raman speetroscopy to aqucous solvents, and the
catalytic activity ecnhancement of Pd by the underlying Au metal. The formation and subscquent
transformation of several adsorbate species was obscerved. These results provide the first direet
evidence of the room-tempcrature catalytic hydrodechlorination of a chlorinated solvent, a
potentially important pathway for groundwater cleénup, as a sequence of dechlorination and
hydrogenation steps. More broadly, the rcsults highlight the exciting prospects of studying

catalytic proccsses in water in situ.(Heek et al. 2008)

Looking ahcad we have studied the propertics of nanoshell nanoparticle heterodimers and
observcd a plasmonic Fano resonance. This rcsonancc is highly scnsitive to the overlapping
modes that give rise to such resonances. This could lead to sensitive diclectric environmental

sensing modalities. (Brown et al. 2010)



Conclusion

The goals we had outlined in the original proposal have been well exeeeded by the researeh and
high impaet publieations that have originated due to this grant. Many new future direetions of
rescarch have also emerged as a result of this grant. The three most interesting direetions are the
investigation of the eoherent phenomenon and Fano resonanees in asymmetrie nanostruetures
and heterodimers which ean lead to new sensitive sensing modalities. The next interesting
direetion is the exploiting the near field of nanoshells and other nanostruetures to enhanee
floreseence of weak FDA approved dye moleeules for in vivo bioimaging and fluoreseenee
optical tomography. The last direetion is exploiting the enhaneed near field of nanoshells to
enhanece the generation of exeitons in quantum dots or other dye moleeules for energy

applications.



Complete List of Publications

1.

10.

12.

13.

14.

15.

16.

S. Lal, N. Grady, G. P. Goodrich, and N. J. Halas, “Profiling the near field of a plasmonic
nanoparticle with Raman-based molecular rulers”, Nano Letters 6, 2338-2343 (2006).

J. Cole and N. J. Halas, “Optimized distributions of tunable plasmonic nanoparticles for solar
light harvesting applications”, Applied Physics Letters 89, 153120 (2006).

C. S. Levin, B. Janesko, R. Bardhan, G. Scuseria, J. D. Hartgcrink and N. J. Halas, “Chain
Length Depcndent Vibrational Resonances in Alkanethiol Sclf-Assembled Monolayers
Observed on Plasmonic Nanoparticle Substrates”, Nano Letters 6, 2617-2621 (2006).

H. Wang and N. J. Halas, “Plasmonic nanoparticle heterodimers fabricatcd using stepwisc
upright asscmbly”, Nano Letters 6, 2945-2948 (2006).

H. Wang, D. Brandl, P. Nordlander, and N. J. Halas, “Plasmonic Nanoparticles: Artificial
Molecules”, invited article, Accounts of Chemical Research 40, 53-62 (2007).

F. Tam, G. P. Goodrich, B. R. Johnson and N. J.Halas, “Plasmonic Enhancement of
Molecular Fluorescence”, Nano Letters 7, 496-501 (2007).

J. Slocik, F. Tam, N. J .Halas, J. Hartgerink and R. Naik, “Pcptidc-asscmbled optically
responsive nanoparticle complexes”, Nano Letters 7, 1054-1058 (2007).

D. Ward, N. K. Grady, C. S. Levin, N. J. Halas, Y. Wu, P. Nordlandcr, and D. Natelson,
“Electromigrated nanoscale gaps for surface-enhanced Raman spectroscopy”, Nano Letters
7, 1396-1400 (2007).

R. Bardhan, H. Wang, Felicia Tam and N. J. Halas, “Chcmically Controlled ZnO
Nanoparticle Morphologies with Broadband Visible Light Emissive Propertics™, Langmuir
23, 5843-5847 (2007).

M. Knight, N. Grady, F. Hao, P. Nordlander and N. J. Halas, “Nanoparticlc-mediated
coupling of light into a nanowire”, Nano Letters 7, 2346-2350 (2007).

. L. A. Nafie, B. Brinson, David Rice, Omar Rahim, Xiaolin Cao, Rina K. Dukor and Naomi J.

Halas, “Ncar Infrared Excited Raman Optical Activity”, Applied Spectroscopy, 61,1103-1106
(2007).

H. Wang, J. Kundu and N. J. Halas, “Plasmonic Nanoshell arrays combinc surface-enhanced

vibrational spectroscopies on a single substrate”, Angewandte Chemie International Edition
46, 9040-9044 (2007).

S. Link, S. Lal, and N. J. Halas, “Plasmonics: nanoscale optics from scnsing to
waveguiding”, Nature Photonics, 1, 641-648 (2007).

F. Lc, N. Z. Lwin, N. J. Halas, and P. Nordlander, “Plasmonic interactions bectwecen a
mctallic nanoshcll and a thin metallic film”, Phys. Rev. B. 76, 165410 (2007).

Felicia Tam, Allen Chen, J. Kundu, Hui Wang, Fei Lc, P. J. Nordlander and N. J. Halas,
“Mesoscopic Nanoshells: gcometry-dependent plasmon resonances beyond the quasistatic
limit”, Journal of Chemical Physics, 127, 204703 (2007).

J. Kundu, F. Le, H. Wang, P. Nordlandcr and N. J. Halas, “Surface Enhanccd Infrared
Absorption Spcctroscopy (SEIRA) using infrared resonant nanoshcll aggregate substrates™,
Chemical Physics Letters 452, 115-119 (2008).



JE4.

18.

19

20.

21.

22,

28

24.

25

26.

2

28.

29

30.

o 8

32

T. H. Park, N. Mirin, J. Lassiter, J. Hafner, N. J. Halas, and P. Nordlander, “Plasmonic
properties of Nanoholcs”, ACS Nano 2, 25-32 (2008).

N. Mirin, M. Hainey, Jr.,, and N. J. Halas, “Controlled loading of nanoparticlcs into
submicron holes”, Advanced Materials 20, 535-538 (2008).

H. Wang and N. J. Halas, “Mesoscopic Au ‘Mecatball’ Particles”, Advanced Materials 20,
820-825 (2008).

S. Priya Sundararajan, N. K. Grady, N. Mirin and N. J. Halas, “Nanoparticle-induced
enhancement and suppression of photocurrent in a silicon diode”, Nano Letters 8, 624-630
(2008).

Daniel R. Ward, Naomi J. Halas, Jacob W. Ciszck, James M. Tour, Yanpeng Wu, Pcter
Nordlander, and Douglas Natelson, “Simultaneous measurements of electronic conduction
and Raman response in molecular junctions”, Nano Lcttcrs 8, 919-924 (2008).

A. Barhoumi, O. Neumann, D. Zhang and N. J. Halas, “Surface Enhanced Raman
Spectroscopy of DNA”, Journal of the American Chemical Socicty 130, 5523-5529 (2008).

F. Le, D. W. Brandl, Y. A. Urzhumov, H. Wang, J. Kundu, N. J. Halas, J. Aizpurua, and P.
Nordlander, “Mectallic nanoparticle arrays: a common substrate for both SERS and SEIRA”,
ACS Nano 2,707-718 (2008).

N. J. Halas, “Nanoscience under glass: the versatile chemistry of silica nanostructures”,
Perspectives, ACS Nano 2, 179-183 (2008).

J. B. Lassiter, C. Nehl, J. Hatner, D. Brandl, P. Nordlander, J. Aizpurua, 1. Romero, and N.
J. Halas, “Close Encounters between two nanoshells”, Nano Letters 8, 1212-1218 (2008).

S. Lal, N. Grady, J. Kundu, C. S. Levin and N. J. Halas, “Surface Enhanced Spcctroscopy
with controlled clectromagnetic nanocnvironments”, invited review article for Chemical
Socicty Reviews 37, 898 — 911 (2008).

F. Wei, D. Zhang, N. J. Halas, and J. D. Hartgerink, “Aromatic Amino Acids provide
characteristic motifs in the Raman and SERS Spectroscopy of Peptides®, Jounal of Physical
Chemistry B 112, 9158-9164 (2008).

D. R. Ward, G. D. Scott, Z. K. Keane, N. J. Halas, J. W. Ciszek, and D. Natclson, “Elcctronic
and Optical Propertics of Electromigrated Molecular Junctions”, J. Phys.: Condcnsed Matter
20, 374118 (2008).

Rizia Bardhan, Nate K. Grady, and Naomi J. Halas, “Nanoscale control of Near-Infrared
Fluorescence Enhancement using Au Nanoshells”, Small, 4, No. 10, 1716-1722 (2008).

Mark Knight and N. J. Halas, “Nanoshells to nanocggs to Nanocups: symmetry breaking
beyond the quasistatic limit in complex plasmonie nanoparticles”, New Journal of Physics,
10, pp. 105006 (invited article for special Plasmonics issue).

N. Fofang, Tae-Ho Park, P. Nordlander, and N. J. Halas, “Plexcitonic Nanoparticles”:
Plasmon-exciton hybridization in a nanoshell-J-aggregate complcx”, Nano Letters, 8(10),
3481-3487 (2008).

Carly S. Levin, Janardan Kundu, Benjamin G. Janesko, Gustavo E. Scuseria, Robert Raphael,
and Naomi J. Halas, Surface Enhanced Raman and Infrared Spectroscopy (SERS and

10



85,

34.

85,

36.

5.

38.

39

40.

4].

42.

43.

SEIRA) of Ibuprofen Intercalated Hybrid Bilayer Nanoshells”, The Journal of Physical
Chemistry B 112(45), 14168-14175 (2008).

A. Barhoumi, D. Zhang, and N. J Halas, “Correlation of Molecular Orientation and Packing
density in a dsDNA self-assembled monolayer observable with Surface Enhanced Raman
Spectroscopy”, Journal of the American Chemical Society 130(43), 14040-14041 (2008).

Bruce Brinson, J. Britt Lassiter, Carly S. Levin, Rizia Bardhan, Nikolay Mirin and Naomi J.
Halas, “Nanoshells made easy: improving Au layer growth on nanoparticle surfaces”,
Langmuir 24(24), 14166-14171 (2008).

F. Hao, S. Maier, N. J Halas, and P. J. Nordlander, “Symmetry breaking in plasmonic
nanocavities: subradiant LSPR sensing and a tunable Fano resonance’ Nano Letters, 8 (11),
3983-3988 (2008).

K. Heek, B. Janesko, G. Scuseria, M. S. Wong, and N. J. Halas, “Observing Mctal-catalyzed
Chemical Reactions in situ using Surface enhanced Raman Spectroscopy on Pd-Au
Nanoshells, Journal of the American Chemical Society 130(49), 16592-16600 (2008).

R. Bardhan, N. K. Grady, J. Cole, A. Joshi and N. J. Halas, “Fluorescence Enhancement by
Au nanostructures: nanorods and nanoshells”, ACS Nano 3, 744-752 (2009).

J. Kundu, O. Neumann, , B. G. Janesko, D. Zhang, S. Lal A. Barhoumi G. E. Scuseria, and
N. J. Halas, “Adenine- and Adenosine Monophosphate (AMP)-Gold Binding Interactions
Studied by Surface-Enhanced Raman and Infrared Spectroscopies” Journal of Physical
Chemistry C, 113, 14390-14397 (2009).

.C. S. Levin, J. Kundu, A. Barhoumi, and N. J. Halas, “Nanoshell-based substrates for

biomolecular spectroscopic detection”, Analyst 134, 1745 — 1750 (2009).

Rizia Bardhan, Wenxue Chen, Carlos Perez-Torres, Marc Bartels, Ryan M. Huschka, Liang
Zhao, Emilia Morosan, Robia Pautler, Amit Joshi, and Naomi J. Halas, “ Nanoshells with
targeted simultancous enhancement of magnetic and optical imaging and photothermal
therapeutic response”, Advanced Functional Materials, 19,3901-3909 (2009).

Oara Neumann, Dongmao Zhang, Felicia Tam, Surbhi Lal, Pernilla Wittung-Stafshede, and
Naomi J. Halas, “Direct Optical Detection of Aptamer Conformational Changes Induced by
Target Molecules”, Analytical Chemistry, 81, 10002—10006 (2009).

Lisa Brown, Hcidar Sobhani, J. Britt Lassiter, Peter Nordlander and N. J. Halas,
“Heterodimers: Plasmonic Properties of Mismatched Nanoparticle Pairs”, ACS Nano ASAP.
DOI: 10.1021/nn9017312

Rizia Bardhan, Shaunak Mukherjee, Nikolay A. Mirin, Stephen D. Levit, Peter Nordlander,
and Naomi J. Halas “Nanosphere-in-a-Nanoshell: A Simple Nanomatryushka” Journal of
Physical Chemistry C, ASAP. DOI: 10.1021/jp9095387

11



